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environments

Sebastiano Salvidio*, Giacomo Rosa, Andrea Costa

Department of Earth, Environmental and Life Science (DISTAV) - Corso Europa 26, 16132 Genova -
University of Genova, Italy
*Corresponding Author: Sebastiano Salvidio, ORCID: 0000-0003-2247-8307, e-mail: sebastiano.salvidio@unige.it
Giacomo Rosa, ORCID: 0000-0002-3386-0459, e-mail: giacomorosa@live.it
Andrea Costa, ORCID: 0000-0003-4273-6182, e-mail: andrea-costa-@hotmail.it

Received: 27 August 2025 / Accepted: 12 November 2025

Abstract. Subterranean habitats, those found beneath the surface of nonmarine environments such as caves, aquifers, and other underground
voids, are more widespread and ecologically significant than often assumed. These environments are functionally linked to the adjacent surface
ecosystems, sharing hydrological, geochemical, and biological connections. Despite their global distribution and ecological importance,
subterranean habitats remain among the least-explored and least-understood ecosystems. However, the scientific neglect of these environments
is not limited to species inventories or basic ecological descriptions. This note highlights the near-complete absence of long-term ecological
research (LTER) conducted on subterranean ecosystems. While LTER programmes are increasingly recognized as essential for understanding
ecosystem dynamics, biodiversity trends, and the impacts of environmental change in terrestrial, freshwater, and marine systems, this kind
of study appears to be extremely rare in subterranean environments. The lack of reference long-term studies hinders our ability to detect and
interpret temporal changes in community composition, species interactions, and evolutionary processes within these unique environments.
Nevertheless, there are compelling scientific reasons to promote the development of long-term ecological research in subterranean ecosystems.
In fact, these simplified and relatively buffered habitats offer unique opportunities to study community interactions and adaptations under
relatively stable climatic conditions. Furthermore, subterranean environments may serve as natural laboratories for investigating evolutionary
processes such as ecological adaptation, morphological convergence, speciation and gene flow, especially when compared to the more variable
surface environments with which they are functionally linked.
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1. Introduction
1.1. Subterranean habitats

In recent years, there has been a growing interest in the
ecology, evolution, and conservation of cave habitats and, in
general in subterranean or underground ecosystems (e.g.,
Culver & Pipan, 2009, 2014; Mammola et al., 2019a, b, 2024;
Mata da Rocha Melo et al., 2025; Niemiller et al., 2025).
The scientific interest in these systems reflects a broader

recognition of their biodiversity uniqueness, their role in
global ecological processes, and the threats they face in the
Anthropocene (Mammola et al.,2019a, b; Sacco et al., 2023).

Contrary to common opinion, subterranean habitats
are far more widespread than typically perceived. Indeed,
they are found beneath the surface of approximately 19%
of the Earth’s nonmarine environments (Mammola et al.,
2019b; Sdnchez-Ferndndez et al., 2021). These environments
are diverse ranging from limestone karstic systems and
lava tubes to shallow superficial habitats and man-made
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structures such as tunnels and mines (White et al., 2019;
Culver & Pipan, 2014; Mammola et al., 2024). Subterranean
habitats are functionally connected to the surrounding
surface ecosystems through continuous hydrological,
geochemical and biological exchanges (e.g., Luis-Vargas et al.,
2024), while possessing divergent environmental conditions.
One of the most significant characteristics of subterranean
environments is the absence of sun irradiation: light is
reduced near the entrance and completely absent in deeper
areas (White et al., 2019; Culver & Pipan, 2009). As a result,
these ecosystems lack photoautotroph organisms and rely
heavily on allochthonous inputs of organic material from
the surface. Nutrients and organic subsidies are introduced
through water percolation, air currents, and the seasonal
or daily movements of animals between terrestrial and
subterranean habitats (Trajano, 2000; Culver & Pipan, 2009;
Simon et al.,2007; Mammola et al.,2019a). The microclimate
in subterranean habitats is highly constant, with reduced
variations, due to the isolation from atmospheric fluctuations
provided by geological substrate. Moreover, these habitats
exhibit a high degree of thermal inertia i.e., the capacity
to delay the effects of changes in temperature in relation
to external climatic fluctuations (Dominguez-Villar et al.,
2015). This feature makes subterranean systems relatively
buffered from short-term environmental variations and
contributes to their status of climate-stable refugia in the
face of global climate change (Dominguez-Villar et al.,
2015). However, this same thermal inertia also means that
subterranean-adapted species tend to have low physiological
plasticity and are particularly vulnerable to even slight
alterations in their environmental conditions, such as
temperature and air humidity (e.g., Raschmanova et al.,
2018; Mammola et al., 2019b). In addition, the biological
communities inhabiting subterranean ecosystems are often
simplified compared to surface ecosystems, in part due to the
absence of light and photosynthetic organisms (Poulson &
White, 1969; Culver & Pipan, 2009; 2014). These conditions
impose strong selective pressures on resident organisms,
leading to the evolution of highly specialized ecological
adaptations. Subterranean animals, often referred to as
troglobionts (Sket, 2008), typically display morphological
and physiological adaptations such as loss of pigmentation,
eye reduction, elongation of appendages, and enhanced non-
visual sensory mechanisms (Poulson & White, 1969; Pipan
etal.,2010; Mammola et al.,2019b). Therefore, subterranean
species frequently exhibit narrow geographic ranges, often
limited to single caves or unique karst systems (Ficetola et al.,
2019). The restricted distribution of cave-adapted organisms,
combined with their highly specialized ecological niches and
low dispersal capabilities, increase the risk of local and global
extinctions of entire cave communities when their habitats
are disturbed or modified by human activities, such as water

extraction, pollution, mining and introduction of invasive
allochthonous species (Mammola et al., 2022).

Despite these challenges, subterranean ecosystems hold
great scientific value for better understanding evolutionary
and ecological processes (e.g., Ficetola et al.,2019; Mammola
et al., 2021). The relative isolation and environmental
constancy of subterranean physical conditions make
these habitats natural laboratories for studying species
interactions, convergent evolution, genetic drift, and
speciation mechanisms (Culver & Pipan, 2014; Ficetola et al.,
2019).In fact, these environments offer unique opportunities
to examine how species evolve in response to extreme but
stable conditions, providing insights that are relevant to
broader and unresolved questions in evolutionary biology,
ecological dynamics and conservation genetics (Poulson &
White, 1969; Mammola et al., 2020; Luis- Vargas et al., 2024).

1.2. Relevance of long-term ecological research

The scientific value of long-term ecological research in
investigating evolutionary and ecological change, complex
biological interactions, and the impacts of rare or extreme
climatic events on biological communities is well recognized
(e.g., Likens, 1989; Jones and Driscoll, 2022; Blanc & Thrall,
2024; Stroud & Ratclift, 2025). This kind of research provides
insights that cannot be obtained from short-term studies,
because many ecological and evolutionary processes unfold
only over extended periods (Reinke et al., 2019; Stroud &
Ratcliff, 2025). While long-term ecological research can be
defined in multiple ways, for the purposes of this note we
follow the relatively vague but practical definition proposed
by Lindenmayer et al. (2013): long-term ecological studies
are those that involve the systematic and regular collection
of field data from a specific site, population or community
over an extended period (more than a decade, according
to the original paper of Lindenmayer et al., 2013). This
criterion emphasizes not only the duration but also the
methodological consistency of the sampling technique
used to obtain field data from the focal system. These two
aspects are essential for separating gradual and persistent
ecological trends from short-term variability and for
capturing rare, unexpected but influential environmental
events. Indeed, long-term ecological research allows a deeper
understanding of evolutionary and ecological processes that
occur over long periods of time (Reinke et al., 2019; Stroud
& Ratcliff, 2025). As an example, this research approach
seems fundamental for better understanding evolutionary
dynamics, ecological interactions, and adaptative responses
of biological populations and entire communities to ongoing
climatic events (e.g., Jones & Driscoll, 2022).

National and international scientific institutions ac-
knowledge the importance of systematically and regularly
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recording ecological data from different ecosystems. To
this end, the Long-Term Ecological Research (LTER) in-
ternational network was established to better understand
ecological processes such as state change, resilience and
cascading effects in a variety of terrestrial, freshwater and
marine environments over different biogeographic regions
around the globe (e.g., Rastetter al., 2021).

2. Goal of the study

In this note we highlight the lack of long-term research
projects specifically focusing on ecological and evolutionary
questions taking place in subterranean environments. To
address this question, we checked the international LTER
website to find research projects dealing with the ecology
of subterranean environments or communities. Moreover,
we searched the Scopus scientific database with the goal of
retrieving papers with “long-term ecological research” in
the title, abstract and keywords. In subsequent queries the
habitat type was added with the option “and”, while in the
case of multiple similar habitats they were subsequent added
with the option “or” (i.e.,“sea” or “ocean” or “marine”). Results
from these queries should be considered as preliminary
efforts to drive attention on the highly skewed distribution
of long-term ecological research publications in different
environments, suggesting an evident underrepresentation of
studies in subterranean habitats, specifically when compared
to all other marine, freshwater and terrestrial habitats. In
this research note, we draw attention on the fact that lack
of scientific research extends beyond basic descriptions
of subterranean biodiversity but is also affects long-term
ecological studies.

LONG-TERM ECOLOGICAL RESEARCH
Sea or ocean or marine

Pasture or grassland

Freshwater

Mountain

Lake

Reef

Cave or subterranean or underground

3. Long-term ecological research
in the subterranean environment

Long-term field studies were apparently not homogeneously
distributed among different ecological environments and
ecosystems. For instance, there were no subterranean
research sites listed on the LTER international website
(https://www.ilter.network/), consulted in March 2025.

Opverall, 1491 scientific papers dealing with “long-term
ecological research” were retrieved from the Scopus database
(Fig. 1). The distribution of scientific publications citing in
their title, abstract or keywords the sentence “long-term
ecological research” shows a huge variation, according to
the habitat considered (Fig. 1). Only four out of 1491 (3%o)
scientific publications were devoted to subterranean habitats,
ecosystems or species. However, these results should not
be considered to be completely comprehensive, because
scientific papers could overlap over different categories and
some long-term studies may have been overlooked by our
simplified searching procedure.

4. The need for more research in subterranean
environments

The insignificant proportion of long-term research dealing
with the ecology, evolution or conservation of biodiversity in
subterranean environments is astonishing. Our preliminary
observations underscore how subterranean ecosystems
remain largely neglected from both the ecological and
evolutionary perspective, in addition to previous reports
(Ficetola et al., 2019; Mammola et al., 2019a; Mata da Rocha
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Figure 1. Distribution of scientific publications over different environments or habitats retrieved from

Scopus database on March 19%, 2025
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Melo et al., 2025; Silveira, 2025). This because subterranean
environments are, together with deep seafloors, among the
less explored, mapped and basically described ecosystems
(Culver et al., 2012; Ficetola et al., 2019). There are objective
difficulties in accessing such extreme environments and,
usually, permanent subterranean laboratories are conceived
to investigate physics, astrophysics, geophysics or the
influence of reduced radioactivity on biological organisms
(Bettini, 2011; Ianni, 2021).

Furthermore, subterranean ecosystems seem also absent
from future climate change agendas (Sanchez-Fernandez
et al., 2021) and have not been taken into consideration in
the recent European Green Deal policy (Fiser et al., 2022),
while hosting species and communities of high conservation
concern (Vaccarelli et al., 2023; Sanchez-Ferndndez et al.,
2021). These considerations raise concern about the need of
future conservation and management policies concerning
these widespread but understudied ecosystems (Fiser et al.,
2024; Silveira, 2025). However, even if subterranean habitats
seem relatively buffered in relation to external climatic
variation, their biological communities could be extremely
sensible to limited and short-term variations of their physical
characteristics (e.g., Mammola et al., 2019b; Sanchez-
Fernandez et al.,2021) or to the ecological impact of recently
introduced invasive species (Nicolosi & Gerovasileiou, 2024;
Nicolosi et al., 2023). In any case, subterranean habitats offer
ideal settings for testing ecological and evolutionary theories,
as they present well identifiable microclimatic gradients
while hosting relatively simplified biological communities
(e.g., Mammola, 2019; Sdnchez-Fernandez et al., 2018).

The need for long-term ecological research for monitoring
changes in distribution and abundance of biological
communities and their temporal trends has been supported
before (e.g., Ficetola et al.,2019; Mammola et al., 2020). Here
we stress again this concept, extending the issue to long-
term studies on subterranean biodiversity. In fact, it would
be valuable to increase the number of subterranean long-
term research projects establishing and developing them in
proximity of experimental superficial sites in which already
ongoing such projects are already active. Tracking at the
same time energy flows, biodiversity, ecological interactions,
invasive species and climate change effects between adjacent
and functionally linked ecosystems will provide new
insights on the pace and the mechanisms of ecological
and evolutionary change in these different environments.
Therefore, establishing reference subterranean sites in which
the variations over time in the spatial niche, occupancy,
abundance and ecological interactions among species
should be encouraged and possibly funded by national and
international institutions. These long-term research projects
should be especially attractive for ecologists and evolutionary
biologists interested in understanding the different ecological

dynamics occurring across adjacent and functionally linked
superficial and subterranean environments.
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